Interleukin-8 (IL-8) plays an important role in the activation of neutrophil granulocytes. Although intracellular Ca 2+ signals are essential in this process, they have not been studied in great detail so far. Here, we have measured IL-8-induced Ca 2+ signals in single human neutrophil granulocytes using the Ca 2+ indicator dye FURA-2 AM and we have investigated the signal transduction that leads to these Ca 2+ signals with various pharmacological tools. Our results indicate that IL-8-induced Ca 2+ signals consist of at least two components. An initial fast component was followed by a smaller and more persistent one. The initial Ca 2+ signal was independent of extracellular Ca 2+ . It required the activation of phospholipase C via a pertussis toxin sensitive G-protein and was due to activation of IP 3 receptor-coupled Ca 2+ release channels. The late phase of the Ca 2+ signal was suppressed when extracellular Ca 2+ was removed suggesting that it was generated by Ca 2+ influx through Ca 2+ releaseactivated Ca 2+ (CRAC) channels. This Ca 2+ influx may prolong IL-8-induced Ca 2+ signals during granulocyte activation.
Introduction
The recruitment of leukocytes at a site of inflammation is a multistep process including tethering and rolling, activation, firm adhesion and (trans-)migration of granulocytes [1, 2] . The initial tethering and the "rolling" along the surface of activated endothelial cells of the blood vessel wall requires a transient binding of leukocytes to the endothelium, which is mediated by the selectin family of adhesion molecules [3] [4] [5] . Subsequent events including firm adhesion, shape change, migration through the tissue to a site of inflammation and respiratory burst are at least in part mediated by chemokines like IL-8 [6, 7] released from cells of the immune system (e.g. macrophages) and auxilliary cells (e.g. endothelial cells) [7, 8, 9] . IL-8 binds to membrane receptors of the CXC chemokine receptor family which possess seven transmembrane domains [10] . These receptors couple to pertussis toxin-sensitive G i proteins. One of the early intracellular events following activation of IL-8 receptors is the release of Ca 2+ from intracellular stores. The relevance of these Ca 2+ signals for the different activation steps is still controversial. Although many activation processes like the initial spreading of granulocytes on a substrate appear to be correlated with the occurrence of intracellular Ca 2+ signals [11] , buffering of intracellular Ca 2+ to very low levels with BAPTA-AM had little effect on these events [12] . One process that is meanwhile generally believed to require increases in [Ca 2+ ] i is the detachment of pseudopods during directed migration, which involves the activation of the calcium-dependent phosphatase calcineurin by Ca 2+ transients [13, 14] .
Although the consequences of these Ca 2+ signals have already attracted much attention, the signal transduction that leads to IL-8-induced Ca 2+ signals has not been studied in great detail so far. Here, we have investigated IL-8-induced Ca 2+ signaling in FURA-2 AM-loaded single human neutrophil granulocytes using digital ratiometric Ca 2+ measurements and various pharmacological tools. (Fig. 1A) . A fluorescence image excited at the Ca 2+ -insensitive wavelength of 360 nm in the same field shows that most granulocytes were rather homogeneously loaded with FURA-2 (Fig. 1B) . Under these conditions IL-8 increased the fluorescence ratio (F350/F380), which was used as a measure of [Ca 2+ ] i in more than 90 % of the cells tested from a value of 0.51 ± 0.013 to 1.30 ± 0.058, under resting conditions and at the peak of the response, respectively ( Fig. 1C-E storing organelles, e.g. the endoplasmic reticulum and the mitochondria [15, 16] , which are both present in neutrophils, we have tested the effect of thapsigargine, an inhibitor of sarcoplasmic reticulum Ca 2+ (SERCA) pumps [17] , and of the protonophore FCCP, which causes depletion of mitochondrial Ca 2+ [18, 19] . IP 3 receptors can be blocked by intracellular heparin [21, 22] . However, heparin does not penetrate the cell membrane and could therefore not be used in our experiments. We have instead used two other blockers of IP 3 receptors. Caffeine has long been known as an inhibitor of IP 3 -dependent Ca 2+ release [23, 24] and very recently arachidonic acid has been identified as an inhibitor of IP 3 receptor-coupled Ca 2+ release channels in lipid bilayers [25] . Application of caffeine (20 mM) for 30 min had no effect on resting [Ca 2+ ] i , but completely blocked IL-8-induced rises in [Ca 2+ ] i in a reversible manner (Fig. 3A) . IL-8-induced Ca 2+ signals could also be blocked reversibly and in a concentration-dependent manner with arachidonic acid (25-100 ? M) (Fig. 3B ). Both findings indicate that IP 3 receptor activation is necessary for the generation of IL-8-induced Ca 2+ signals. The concentrations of arachidonic acid needed to block IL-8-induced Ca 2+ signals in our experiments were considerably higher than those sufficient to block IP 3 receptor channels in artificial lipid bilayer experiments [25] . We do not know at present what intracellular concentrations of arachidonic acid were achieved under our experimental conditions, nor do we know whether physiological levels of arachidonic acid are sufficient to regulate the activity of IP 3 receptors.
When applied in combination with acetylsalicylic acid (ASS, 150 ? M) to prevent the degradation of arachidonic acid to prostaglandins by cyclooxygenases [26] , arachidonic acid was still effective. It is therefore likely that the effects of arachidonic acid seen in our experiments are not mediated by cyclooxygenase products of arachidonic acid. A contribution of arachidonic acid metabolites generated by the lipoxygenase pathway, i.e. leukotrienes, cannot be ruled out, but leukotriene B4 has been reported to be without effect on IP 3 receptors [25] .
Apart from IP 3 receptors other Ca 2+ release mechanisms might contribute to IL-8-induced Ca 2+ signals [15, 16] . Several reports have suggested the existence of ryanodine receptor-like Ca 2+ release channels in electrically non-excitable cells, including neutrophil granulocytes [27] [28] [29] . In these cells chemotaxis evoked by IL-8 and Nformyl-methionine-leucine-phenylalanine (FMLP) has been shown to be reduced by ryanodine [29] .
In electrically non-excitable cells ryanodine receptors might be activated by increases in [Ca 2+ ] i primarily elicited via Ca 2+ release through IP 3 receptor-coupled channels. Alternatively, ryanodine receptors might be activated by intracellular messengers different from Ca 2+ . Cyclic-ADPribose has been suggested to be such an endogenous activator of ryanodine-sensitive Ca 2+ release channels [30, 31] , but Ca 2+ still appears to be the most important activator in the majority of cells. Ca 2+ signals evoked by IP 3 receptor-dependent Ca 2+ release might therefore be boosted by ryanodine-sensitive Ca 2+ release.
We have tested the involvement of Ca 2+ release channels of the ryanodine type (ryanodine receptors) in IL-8-induced Ca 2+ signaling with ryanodine (15 ? M), which at this concentration blocks the channels [20, 21] and with ruthenium red (3 ? M), another but rather nonspecific blocker of ryanodine receptors [20, 21] (Fig. 3C) . Both substances failed to inhibit Ca 2+ signaling, indicating that ryanodine-sensitive Ca 2+ release channels are not involved in IL-8 signal transduction. In this context it is interesting to note that caffeine, which activates ryanodine receptors in many cell types [21, 32, 33] , did not induce Ca 2+ signals itself. As shown in Fig. 3A caffeine had no effect on the resting [Ca 2+ ] i , which argues against the existence of typical ryanodine receptors in human neutrophil granulocytes. This is in line with our observation that ryanodine, which at low concentrations can open ryanodine receptor channels [32] , had no effect on the resting [Ca 2+ ] i of neutrophils. (Fig. 4) .
Bordetella pertussis toxin (PTX) and inhibitors of phospholipase C (PLC) block IL-8-induced Ca
Activation of PLC can be triggered by PTX-sensitive and -insensitive G-proteins (PLC-g ) as well as by tyrosine kinases (PLC-+ ) [35] . IL-8 can activate several types of G proteins including the G i type [36] . In our experiments pretreatment with PTX (4 ? g/ml for 4-5 h at 37°C) caused a complete block of IL-8-induced Ca 2+ responses in the vast majority of the cells (Fig. 5) , similarly to what has been described for Ca 2+ measurements performed in cuvettes, where the average Ca 2+ increase of a whole cell population has been measured [37] . [40] . Cells were washed twice and stored on ice for up to 5 h. Immediately before the Ca 2+ measurement experiments 100 ? l of a cell suspension, which contained 1 × 10 6 cells/ml were dropped onto the center of a 35-mm uncoated culture dish (Nunc, Denmark) and cells were then allowed to attach for 5 min. One milliliter of standard external recording solution (136 mM NaCl, 2.8 mM KCl, 2 mM CaCl 2 , 20 mM Hepes, 5 mM glucose, pH 7.40) was added, and the cells were then transferred to the microscope for the measurement of Ca 2+ signals.
Contribution of a Ca
[Ca 2+ ] i was measured using a commercially available Ca 2+ imaging system consisting of a slow-scan CCD camera coupled to a monochromator (TILL Photonics, Planegg, München, Germany) both connected to an upright Zeiss microscope Axioscope FS equipped with a 40× water immersion objective. This experimental set-up allowed for the 2-dimensional representation of Ca 2+ signals in up to 100 cells simultaneously.
[Ca 2+ ] i is presented as fluorescence ratio determined from background-corrected fluorescence images excited alternately at 350 and 380 nm (F350/F380) [41] . IL-8 was applied by microdrop application (15 ? l; 0.625 ? M) in the close proximity of the water immersion objective.
Chemicals
All inorganic compounds were from Merck, Darmstadt, Germany. FURA-2 AM was from Molecular Probes Europe BV, Leiden, The Netherlands. Acetylsalicylic acid, arachidonic acid, caffeine, DMSO, EGTA, FCCP, Hepes, IL-8, and thapsigargine were from Sigma, Deisenhofen, Germany. Ruthenium red, ryanodine, pertussis toxin, U-73122 and U-73343 were from Alexis Deutschland GmbH, Germany. Thapsigargine, FCCP, U-73122 and U-73343 were dissolved in DMSO (0.1 %). Arachidonic acid was dissolved in ethanol (0.1 %). All other substances were dissolved in standard external solution.
